Building air-tightness has been increased to make energy efficient buildings. However, various indoor air quality issues can be caused by high building air-tightness because it allows low air and moisture transmission through building envelop. In order to solve and prevent these issues, mechanical ventilation systems can be used to control the indoor humidity level. The purpose of this paper is to evaluate the performances of the Relative Humidity (RH)-sensor based auto-controlled centralized exhaust ventilation systems to manage indoor air quality and thermal comfort of multi-family residential buildings in South Korea. A series of field tests were performed for different target zones and for various moisture source scenarios. As a result, it was found that the auto-controlled centralized exhaust ventilation systems were able to control indoor air quality and to maintain the zones thermal comfort faster than the baseline cases that did not operate exhaust vents. The results presented in this paper can show the potential and the feasibility of the auto-controlled centralized exhaust ventilation systems for multi-family residential buildings in South Korea. It is expected that the results presented in this paper would be useful for building owners, engineers, and architects when designing building systems.
Introduction
In South Korea, air-tightness has been an important energy conservation measure to have energy efficient multi-family residential buildings by reducing energy loads for space cooling and/or space heating. According to the Korea Energy Economics Institute, the energy consumption by the building sector accounts for 19% of the total Korea energy use during 2017 [1], while it was more than 40% by the building sector in U.S. or European countries in the same period [2, 3] . However, high air-tightness of buildings could cause various indoor air quality issues, such as condensation, mold, mildew and fungus, and thermal comfort of residents, because of low air exchanges between indoor and outdoor. Indeed, several pieces of research have shown the correlations between these issues and indoor humidity levels [4] [5] [6] [7] [8] . The higher building air-tightness allows the lower air and moisture transmission through building envelop.
In general, condensation occurs when the indoor air humidity level is not readily controlled and thus water vapor in the indoor air is accumulated around exterior walls and/or doors and windows. Condensation is closely associated with various factors, such as outdoor and indoor air conditions, building construction, and behavior of occupants. The effects of building construction factors, such as heat transfer through building envelop and thermal bridges, can be controlled by using proper building envelop insulations, and the effects of occupant behavioral factors on indoor humidity level can be managed by ventilation to exhaust humid indoor air generated by various activities, such as cooking, shower, or laundry [5] .
In general, air temperature and humidity level largely affect thermal comfort, and there is a relationship between thermal comfort and enthalpy, which is bounded by air temperature and humidity level. Many researchers have shown that air temperature and humidity level are key variables when considering indoor thermal comfort [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . Indeed, in Raczkowski's research [18] , it was shown that as enthalpy increased, the acceptability of air quality decreased.
Some researchers have demonstrated the ability to control indoor humidity by removing moisture by performing experiments [19] [20] [21] [22] . For instance, Lim et al. found from the experiments that the excessive water vapor generation could cause a condensation issue and that the indoor humidity level could be controlled and thus the condensation issue could be solved by ventilation systems [19] . Suh et al. performed experiments to evaluate the ability of humidity level control of the decentralized ventilation systems by exhausting indoor moisture to outside [20] . They observed that the dew point temperatures could be lowered when using ventilation systems. Kim et al. also showed the possibilities of the auto indoor humidity control system based on indoor air dew point and wall surface temperature embedded into energy recovery ventilator systems to manage indoor humidity ratio as well as to prevent condensation [21] .
Nielsen et al. researched energy performances of demand controlled ventilation (DCV) for single family houses located in Denmark using the strategy based on CO 2 level and moisture content in the outdoor air and exhaust air [22] . As a result, they showed the sensor-based DCV system could reduce the electricity consumption by 35% for fans while managing the CO 2 level and moisture level in the house. In other words, using the sensor-based DCV system could save energy consumptions in ventilation systems while keeping indoor air quality.
However, to control indoor humidity level it would require energy to run exhaust vent fans of decentralized ventilation systems on demands. In order to save the energy consumed by exhaust ventilation systems, the public multi-family residential buildings provided by Korea Land and Housing Corporation (LH) that owned by Korean Government employed the centralized exhaust ventilation systems connected to a roof fan. Kim et al. performed a comparative analysis between centralized exhaust ventilation systems and decentralized exhaust ventilation systems to evaluate humidity control performances of kitchen vents [23] . According to their research, the amounts of humidity rise when using centralized exhaust ventilation systems were lower than those controlled by decentralized systems by 11~35% based on the flow rate of the vents and floor areas.
However, even though Kim et al. showed the feasibility of the centralized exhaust ventilation systems for multi-family residential buildings, their research was confined to kitchen vents. Besides, even though there have been several pieces of research about the ability of ventilation systems to remove moisture and to control indoor humidity level, as aforementioned most studies were carried out for decentralized ventilation systems. Therefore, there are needs to evaluate the performance of humidity control of centralized exhaust ventilations installed in other zones, such as vents in bathrooms and the laundry room, and also to study the ability of auto-controlled centralized exhaust ventilation systems to manage indoor humidity level to keep thermally comfort indoor environments. For these reasons, this study is designed to investigate the performances of relative humidity (RH) sensor-based centralized exhaust ventilation systems to control the indoor humidity level and the effects on thermal comfort of a multi-family residential building.
Methodology
In this paper, a series of field tests were performed for a sample unit of a 5-story multi-family residential building located in Sejong-si, South Korea. This residential building as a test bed was built for researches and field tests designed upon one of the standard floor plans for LH public multi-family residential buildings. In this test building, the centralized exhaust ventilation systems were installed and connected with roof fans. The description of the test residential unit was provided in Tables 1 and 2 , and the figures of the test building, a roof fan, and bathroom exhaust vent are provided in Figure 1 . The flow rates of the exhaust vents were decided according to the LH specification for construction. As illustrated in Figure 2 , a centralized exhaust ventilation system consisted of a centralized roof-fan-a vertical centralized air-duct that was always set to a negative pressure by the roof-fan-dampers, and exhausted air vents installed in each residential unit. Since one of the main purposes of this research was to evaluate the performances of indoor humidity controls of the centralized exhaust ventilation systems, 2-channel data loggers were installed in every zone to monitor temperature and relative humidity changes. The specifications of the measuring equipment are provided in Table 3 . Figure 3 provides the schematic flowchart of the RH-sensor based auto-controlled exhaust ventilation system employed in this research. For each target zone, the baseline was the case without using an exhaust vent. Figure 4 provides the floor plan of the test unit and the schematic image of centralized exhaust ventilation systems, and the locations of the sensors. Table 3 . Specifications of measuring equipment.
Equipment Specification

Wireless 2-channel data logger
Range: −20 • C to +60 • C/0% RH to 95% RH Resolution: 0.01 • C/0.1% RH Accuracy: ± 0.5 • C/±2.0% RH typical @ 25 • C Wired digital hygrometer Range: −40 • C to +120 • C/0 to 100% RH Resolution: 0.01 • C/0.05% RH Accuracy: ± 0.4 • C/± 3.0% RH 
Field Tests
A series of experiments were performed in the 59 m 2 unit of the test building for different target zones to evaluate performances of centralized exhaust ventilation systems to control the indoor humidity level and to prevent condensation. The experiment settings are provided in Table 4 . The indoor ambient air temperature and relative humidity were controlled by the radiant heating floor and humidifiers, respectively. In order to minimize the impacts of outdoor air humidity, the experiments were performed in February through March. Table 5 presents the scenarios of the experiments for different target zones. Since the experiments for all the cases were carried out for less than 3 h and the weather conditions were fine, the humidity ratios of the outdoor air were not significantly changed. For this reason, this study considered the average outdoor air data. Table 6 shows the average outside air temperature and relative humidity data during field tests. Using the measured data, this paper calculated the humidity ratio, which was also referred to the absolute humidity referring to the mass of water vapor per unit mass of dry air in kg/kg-dry air. As shown in Table 6 , the differences in humidity ratio between Case 1-1 and Case 1-2, and Case 2-1 and Case 2-2 were 0.00052 kg/kg (12%), and 0.00002 kg/kg (1%), respectively. In addition, as the outdoor air was introduced into the indoor through infiltration, the influences of the outdoor air could be limited and not significant to the indoor humidity ratios. 
Results
Evaluation of Effects on Indoor Air Quality
Using the data loggers and hygrometers, the indoor air temperature and relative humidity changes were measured, and then the humidity ratios (i.e., absolute humidity) were calculated. Even though the auto-controlled centralized exhaust ventilation systems were operated with an RH-sensor, it was important to use the humidity ratios to compare and to analyze the results of different cases due to relative humidity values, which were affected by moisture level as well as air temperature. Thus, this paper presents the resulting measured air temperature and relative humidity data as well as the calculated humidity ratio data for all cases. Figures 5 and 6 show the resulting indoor air dry-bulb temperature and relative humidity changes of Case 1-1 and Case 1-2, respectively. As shown in Figure 5a , in Case 1-1, which the auto-controlled exhaust vent was not activated, it was found that the relative humidity in Bath 1 rouse to about 97% RH during the shower, and then decreased to about 85% RH when the bathroom door was opened after the shower. In addition, when the bathroom door opened after the shower, it was also observed that the moisture generated in Bath 1 distributed to Bedroom 1, thus that the humidity level of Bedroom 1 increased to around 80% RH. However, when using the auto-controlled exhaust vent in Bath 1, the humidity levels of Bath 1 and Bedroom 1 were controlled, even during and after the shower as shown in Figure 5b . This result of Case 1-2 implied that the moisture generated in the shower booth could be isolated in the shower booth due to the auto-controlled exhaust vent discharging the humid air to outside directly. Indeed, as shown in Figure 7 , the relative humidity in the shower booth of Case 1-2 increased as much as Case 1-1 during the shower of 15 min. Meanwhile, in Figures 5 and 8 , it was observed that the increased relative humidity level of Case 1-2 returned to the initial condition within 45 min, while it took over 3 h for Case 1-1. In other words, since the auto-controlled exhaust vent discharged the humid air to the outside directly, the indoor humidity level of Case 1-2 was more quickly controlled than Case 1-1. To evaluate the effects of the auto-controlled exhaust vent in the Bath 2 with 80 m 3 /h on the changes of indoor air quality, two experiments were carried out. Figures 9 and 10 show the results of the experiments; Case 2-1 and Case 2-2. When the exhaust vent system was not operated, the moisture generated in the kitchen boiling 1 L water for 30 min was spread to other zones, and thus the temperatures and relative humidity levels of the zones increased. As shown in Figure 9 , since the temperature in the kitchen increased because of the boiling water, the relative humidity in the kitchen increased relatively smaller than the other zones. However, as shown in Figure 11 , the increasing rate of humidity ratio in the kitchen was higher than the other zones. In terms of humidity ratio changes in different zones shown in Figure 11 , the result showed that much moisture generated from the kitchen was spread to other zones, especially to the foyer. Indeed, the percent difference in the maximum humidity ratio between the kitchen and the foyer was around 13%. For this reason, the relative humidity of the foyer increased to about 80% RH, and thus the possibilities of air quality issues, such as condensation or mold growth could be high. Besides, it took about 2.5 h for the increased humidity ratios of the zones to return to the initial condition by natural attenuation (Figure 11a) , while when the RH-sensor based auto-controlled exhaust vent was activated, the time to return to the initial humidity ratios decreased to 1.5 h (Figure 11b ). Meanwhile, it was found that the temperature, relative humidity, and max humidity ratios of Case 2-2 for different zones were almost the same to those of Case 2-1 (Figure 9 through Figure 11 ). This was because of the location of the RH sensor of the auto-controlled exhaust vent system, and also the location of the vent, which was placed in Bath 2. For these reasons, it took time for the RH-sensor to detect humid air distribution, and thus it allowed the moisture generated from the kitchen to spread out to other zones like Case 2-1. However, using the exhaust vent activated after the sensor detected the spread moisture from the boiling water in Case 2-2, humidity levels could be controlled faster than Case 2-1.
Evaluation of Effects on Indoor Thermal Comfort
In this section, the effects of the auto-controlled centralized exhaust ventilation systems on the thermal comfort level were evaluated. Predicted Mean Vote (PMV) and Predicted Percentage Dissatisfied (PPD) methods have been widely used around the world to measure thermal comfort [6] [7] [8] . This is the reason that this study employed the PMV and PPD methods to evaluate the effects of the auto-controlled centralized exhaust ventilation systems on indoor thermal comfort. The PMV and the PPD calculation processes employed in this study were based on the American Society of Heating, Refrigerating and Air-Conditioning Engineers (ASHRAE) Standard 55-2010. By the way, since the calculation of the PPD relies on the PMV values in accordance with Equation (1), it was necessary to calculate the PMV values first. According to the PMV model shown in Equation (2), indoor thermal comfort can be evaluated quantitatively. The individual heat flows in Equation (2) depend on several parameters; air temperature, humidity level, air velocity, mean radiant temperature (MRT), and two human parameters such as metabolic rate and clothing insulation rate. The assumptions related to these parameters made for this study are presented in Table 7 based on ASHRAE Standard 55-2010 and other reference research [9] [10] [11] [24] [25] [26] [27] [28] [29] [30] [31] [32] . Especially, according to some research, it has been assumed that the MRT can be equal to the indoor air temperature, especially for the indoor thermal studies because the calculation of the MRT was complicated as well as the differences of wall surface temperatures and radiant fluxes were not significant [26] [27] [28] [29] [30] [31] [32] . Table 7 . Input values of key parameters for the predicted mean vote (PMV) calculation.
Parameter
Activity In Figure 6 , it was found that the enthalpy changes of Case 1-2 were much lower than those of Case 1-1 in both Bath 1 and Bedroom 1. In addition, the time to return to the initial enthalpy of Case 1-2 was faster than that of Case 1-1. These results were consistent with the relative humidity changes presented in Figure 5 . As aforementioned, the reason for this result was due to the auto-controlled exhaust vent discharged outside directly with the hot and humid air generated from the shower. However, as shown in Figure 12 , there were no significant differences in enthalpy changes between Case 2-1 and Case 2-2, even though the time to return to the initial condition of Case 2-2 was faster than that of Case 2-1 due to the operation of the auto-controlled exhaust vent. As aforementioned, this was due to the location of the RH-sensor that activated the exhaust vent. For this reason, before the exhaust vent was activated, the humid air was spread to other zones already and the amount of humid air was significant. Based on the PMV and the PPD methods, and on the resulting enthalpy changes presented in Figures 6 and 12 , the effects of using the auto-controlled centralized exhaust vent on indoor thermal comfort could be evaluated. According to the ASHRAE Standard 55-2010, the acceptable thermal environment for general comfort could be defined using the PMV and the PPD values as presented in Table 8 . And Figures 13 and 14 present the resulting PMV and PPD results of Case 1-1 and Case 1-2, and Case 2-1 and Case 2-2. Table 8 . Acceptable thermal environment for general comfort [15] .
PPD
PMV Range <10 −0.5 < PMV < +0.5 With respect to Table 8 , Case 1-1 and Case 1-2 were within the range of thermal comfort in both the PMV and the PPD methods. However, being consistent with the results in relative humidity, humidity ration, and enthalpy changes, the resulting PMV and PPD values were affected by humid air in Case 1-1. In other words, it could be expected that if the initial PMV and PPD values were slightly higher than the experimental conditions, the effects of the auto-controlled exhaust vent on thermal comfort acceptability would be obvious, showing that the exhaust vent system would keep the air quality as fresh.
Meanwhile, being consistent to the resulting enthalpy changes in Figure 12 , it was found that there were not significant differences in the PMV and the PPD results between Case 2-1 and Case 2-2, especially when it came to the maximum values of PMV and PPD as shown in Figure 14 . In both cases, the indoor air qualities in various zones became poor during boiling 1 L water for 30 min when the auto-controlled exhaust vent was operated. However, it was observed that because of using the exhaust vent, Case 2-2 returned to the initial PMV values faster than Case 2-1 by 30 min to 1 h depending on zones as shown in Figure 14a . In other words, due to the limited volume flow rate of exhaust vent in Bath 2 and the location of the RH-sensor, there could be a limit for the exhaust ventilation system to lower the humidity level rises in various zones during cooking in the kitchen, but this research proved that the exhaust vent system could return the indoor air quality to the initial comfort level faster than the base case. Table 9 presents the summarized results of a series of field tests performed in this research. As shown in Table 9 , it was found that the humidity ratio rise of the cases using the auto-controlled centralized exhaust ventilation systems was lower than those of the cases without using the systems. In addition, since the humidity ratio levels of the cases with using the exhaust vents were lower, the stabilization times for these cases were shorter than those for the cases without using the exhaust vents. Table 9 . Summarized results of the field tests.
Summary
Target Zone Results
Bedroom 1 and Bath 1
•
The moisture generated could be isolated due to using the exhaust vent.
Humidity levels and enthalpy returned to the initial condition due to using exhaust vent faster than the base case • Both cases the air qualities were within the PMV acceptability range.
If the initial enthalpy was higher, it could be expected that the resulting PMV could be out of the thermal comfort range.
Living room Kitchen Bedroom 1, 2, 3
• During boiling 1 L of water, the generated humid air was spread to other zones and increased its humidity level and enthalpy.
Thus, as a result, the PMV and the PPD values were out of thermal comfort ranges during cooking for both cases.
Using the auto-controlled exhaust vent, the time to return to being within the comfort zone decreased by 30 min to 1 h from the base case depending on the zones.
Conclusions
The purposes of this paper were (1) to evaluate performances of the RH-sensor-based auto-controlled centralized exhaust ventilation systems to control indoor air quality, and then (2) to evaluate the effect on thermal comfort after the occurrence of moisture increasing events. In order for performing evaluations, in this paper, a series of field tests were carried out for different target zones with different moisture generation events. As a result, it was observed that (1) the centralized exhaust ventilation system in Bath 1 could isolate the generated moisture within the shower booth and discharge the humid air to outside directly, (2) the stabilization times of the cases using the auto-controlled exhaust vent to return to the initial indoor air quality were faster than the cases not using the vent systems, and (3) the indoor thermal comfort was related to the indoor air quality, such as air temperature, humidity level, and enthalpy, and thus the thermal comfort levels of the cases with using the vent systems were within the thermal comfort range.
However, even though this paper investigated the effects of auto-controlled centralized exhaust ventilation systems on controlling indoor humidity levels and thermal comfort levels, there were limitations that could not be experimented in this paper with adjusting the parameters, such as volume flow rates of exhaust vents, various floor plans, various outdoor air conditions, and various occupants' activities. Besides, it was also another limitation of this paper that the RH-sensor locations associated with the operation of the auto-controlled system. Therefore, in the future, it is necessary to study the influences of these parameters on the performances of auto-controlled centralized exhaust ventilation systems.
The results presented in this paper can show the potential and the feasibility of the RH-sensor based auto-controlled centralized exhaust ventilation systems to maintain indoor air quality and to provide thermal comfort to multi-family residential buildings in South Korea.
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